Introduction
Vapor-Liquid-Solid (VLS) growth [1] of mixed Ga, In containing III-V compound semiconductors [2] often involves gold as a solvent and hence the thermodynamics of the ternary system Au-In-Ga are interesting for the understanding of optimal growth conditions [3] [4] [5] .
During a systematic mapping of an isothermal section of the ternary phase diagram at 280 C, a previously unknown ternary phase, Au 2 InGa 2 , was identified from Thermo-Gravimetric- The single crystal measurements revealed the fact Au 2 InGa 2 is an ordered compound in contrast to previously reported similar structures such as Au 0.45 Pt 1.68 Sn 2.87 [6] and Au 2 In 1.5 Sn 1.5 [7] .
Moreover, the electronic structure calculations display a dominance of heteroatomic interactions (Au-Ga and Au-In) rather than homoatomic Au-Au bonds in the Au 2 InGa 2 structure.
Materials and Methods

Sample preparation
The samples were prepared using pure metal foils of Au and In (99.999 mass% and 99.999 mass%, respectively) and pure pellets of Ga (99.9999 mass%). The samples were melted at 1100
C in sealed, evacuated quartz tubes (~10 -5 mbar). In order to reach equilibrium the samples were then annealed at 280 C for about one to three weeks followed by slow cooling down to room temperature.
For single crystal measurements, a further step was also taken. The ingots of the sample with the composition close to the ternary phase were recrystallized for 35 days at 370 C, slightly below the melting temperature of the ternary phase.
Analytical methods
The samples were analyzed using Differential Thermal Analysis (DTA), X-Ray Diffraction (XRD), Energy Dispersive x-ray Spectroscopy (EDS) and Scanning Electron Microscopy (SEM).
For DTA measurements (Jupiter F3 449, Netzsch Co.), a small ingot with the mass of about 50 to 100 mg in an alumina crucible was used. The reference was an empty alumina crucible. To prevent oxidation, the furnace was evacuated and flushed with N 2 three times before thermal cycles. A heating and cooling rate of 10 K/min was used. The results were analyzed using the software delivered with the instrument (NETZSCH Proteus-Thermal Analysis-version 5.1.0).
For powder XRD measurements (STOE Stadi P, Cu-K radiation, Mythens detector) a piece of alloy was ground to a powder. The powders were then annealed in sealed quartz tubes at 280 C for about three days. The calibration of the XRD instruments was performed using Si powder.
Then, the sample powders were measured with steps of 0.9 of the detector and 100 s exposure time. The coexistence of phases and the lattice parameters were analyzed using JANA 2006 [8] .
Single crystal diffraction analysis was also used to characterize the crystal structure of the new ternary phase. A small fragment with clean surfaces was chosen from the crushed ingot, mounted on a glass fiber with epoxy glue and single crystal X-ray data was measured at ambient conditions on an Agilent Technologies Xcalibur E instrument. The structure was solved using charge flipping as implemented in Superflip [9] and the structure was refined using JANA2006.
To investigate the microstructure of the samples, both optical (Nikon Optiphot) and scanning electron microscopes (JSM-6700F SEM) were employed. The electron microscope was equipped with an EDS analyzer which was used to measure the local chemical compositions of the samples. For these measurements, samples were embedded into a conductive resin and were polished in three steps with diamond suspensions (9 µm and 1 µm, respectively) and finally with SiO 2 colloidal.
Electronic Structure Calculations
First principle quantum mechanics calculations were performed with the Stuttgart Tight Binding
Linear Muffin-Tin Orbital method employing the Atomic Sphere Approximation (TB-LMTO-ASA) [10] . The atomic spheres and empty spheres were generated and scaled to fill the unit cell with a 9.56% overlap by the default settings of the program. The electronic exchange and correlation was treated with the von Barth-Hedin potential [11] . An 8 × 8 × 8 grid was used to sample the first Brillouin zone. We included only the scalar relativistic effect without involving spin-orbit coupling. The basis sets included Au 6s, 6p, and 5d; In 5s and 5p; and Ga 4s and 4p.
After self-consistent convergences, we calculated the density of states (DOS) and the negative crystal orbital Hamiltonian population (-COHP) [12] curves.
We then repeated the electronic structure calculations with the ABINIT code [13] [14] [15] and made a comparison with the LMTO results. The norm-conserving pseudopotentials with the Perdew-Burke-Ernzerhof generalized gradient approximation [16, 17] were employed. The energy cutoff value of the plane wave basis set is 287.4 eV. A 7 × 7 × 7 Monkhorst-Pack mesh [18] was used for the first Brillouin zone integration. We also adopted the Methfessel and Paxton occupational smearing scheme [19] (smearing energy 0.1 eV) to facilitate the self-consistent convergence.
Results and discussion
Crystal structure
From powder XRD measurements the new ternary compound Au 2 InGa 2 was identified. Local chemical analysis by EDS method and microstructural observations also verified the new phase.
The lattice parameters of the hexagonal unit cell of Au 2 InGa 2 were found to a = 4.20473 (16) Single crystal data revealed more information on the crystal structure of the ternary compound Au-Au distances of 2.89Å, very similar to those in elemental gold.
Electronic structure
The occurrence of Au-Au dimers and puckered Ga 6 3 nets in Au 2 InGa 2 are intriguing. The bonding situation becomes quite clear from the band structure, DOS, and -COHP curves calculated with LMTO shown in Figure 3 -a and from the negative integrated COHP (-ICOHP) in Table 2 .
The compound is clearly a metal with no indication of any pseudo gap in the vicinity of the shows that while the total Au-Au interaction is positive, for each bond it is considerably smaller than that of heteroatomic contacts, and given the small number of Au-Au contacts in the in unit cell, the total effect is marginal. Not surprisingly, the Ga-Ga interactions, emanating from Ga-Ga contacts longer than those in the element, are even weaker, although their number give them an impact on par with the stronger but fewer Au-Au bonds. Therefore, Au 2 InGa 2 is stabilized mainly by the Au-Ga and Au-In interactions while Au-Au interactions are not playing a significant role.
Meanwhile, there is also a significant amount of 5d states spreading out from the large DOS peak, especially between ca. -4 ~ -2 eV. The bands in this energy range are not flat at all, indicating that they are involved in bonding as well. From the -COHP curves, it is evident that these states are antibonding for Au-Au but strongly bonding with respect to Au-Ga and Au-In, demonstrating that these Au-Au 5d antibonding states are stabilized by their strong bonding interactions with neighboring Ga and In atoms. Therefore, we can conclude that Au atoms are paired to form dimers in Au 2 InGa 2 mainly by the interactions between the Au and the surrounding Ga and In, not by strong Au-Au bonding as we would intuitively expect.
How the Au 5d antibonding states are stabilized by Ga and In is shown pictorially in Figure 3 
This is an isosurface plot of the wave function (the norm, thus no phase) of the second highest occupied band at the Γ point (marked with a circle in Figure 3 -a). This plot is calculated with ABINIT, which gives a band structure and a DOS consistent with those from LMTO (see and their neighboring Ga atoms. Instead, the wavefunction shows significant smearing between the Au and Ga atoms, manifesting the bonding interactions.
Conclusion
The new compound Au 2 InGa 2 demonstrates a number of interesting principles. First and foremost that bonding in intermetallics cannot be analyzed in terms of geometry only. The homoatomic structural fragments Au 2 dumbbells and two-dimensional, infinite, puckered Ga 6 3nets are strongly suggestive of bonding, but electronic structure analysis instead points to a situation where the cohesion in the phase is dominated by heteroatomic interactions. Further, it is notable that among the phases in the ternary system Au-In-Ga, the Au 2 InGa 2 stands out as having a very narrow composition interval, while most of the binary Au-In and Au-Ga phases allow for substantial In/Ga solubility. For the ternary compound, this does suggest quite specific Au-In and Au-Ga interactions despite its pronounced metallic character. 
